Spatial distribution in size and frequency of microalloy precipitates have been characterized in two continuous-cast high-strength, low-alloy steel slabs, one containing Nb, Ti, and V and the other containing only Ti. Microsegregation during casting resulted in an inhomogeneous distribution of Nb and Ti precipitates in as-cast slabs. A model has been proposed in this study based on the detailed characterization of cast microalloy precipitates for predicting the spatial distribution in size and volume fraction of precipitates. The present model considers different models, which have been proposed earlier. Microsegregation during solidification has been predicted from the model proposed by Clyne and Kurz. Homogenization of alloying elements during cooling of the cast slab has been predicted following the approach suggested by Kurz and Fisher. Thermo-Calc software predicted the thermodynamic stability and volume fraction of microalloy precipitates at interdendritic and dendritic regions. Finally, classical nucleation and growth theory of precipitation have been used to predict the size distribution of microalloy precipitates at the aforementioned regions. The accurate prediction and control over the precipitate size and fractions may help in avoiding the hot-cracking problem during casting and selecting the processing parameters for reheating and rolling of the slabs.
I. INTRODUCTION

CARBIDE, nitride, or carbonitride precipitates
formed by the microalloying elements such as, Nb, Ti, and V provide grain refinement and precipitation strengthening in high-strength, low-alloy (HSLA) steel. [1] Microalloy precipitates in continuous-cast slab can influence the microstructural changes taking place during subsequent processing such as reheating and rolling and, hence, need to be studied. Industrial reheating of HSLA steel is aimed at dissolving the Nb precipitates to encourage the fine-scale, strain-induced Nb(C,N) precipitation during hot rolling. [1, 2] Pinning of austenite (c) grain boundaries by the microalloy precipitates also prevents the excessive c grain growth during soaking. [1, 3] The choice of reheating temperature and time, therefore, should be based on the characterization of as-cast precipitates. [1, 3, 4] The nature, shape, and size of the microalloy precipitates have been widely investigated in as-cast slab as well as in thermomechanically controlled rolled (TMCR) HSLA steel plates/strips. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Both macroand microsegregation during casting may result in an inhomogeneous distribution of the precipitates. [7] [8] [9] [10] [11] [16] [17] [18] [19] [20] The formation of large (>1 lm) Nb-rich dendritic precipitates [7, 8, 16, 17] or eutectic (Nb,Ti,V)(C,N) particles [11] in the interdendritic boundaries indicated the segregation of microalloying elements, especially Nb. A higher volume fraction of Nb precipitates in pearlitic regions, which coincided with the interdendritic regions, compared with the ferritic regions, which coincided with the dendrite-center regions of TMCR steels containing 0.023 to 0.057 wt pct Nb, also has been attributed to interdendritic segregation. [18] Clustering of coarse microalloy precipitates (such as dendritic (Nb,Ti)(C,N) and TiN)) in the interdendritic region of as-cast slab can lead to slab-surface cracking during continuous casting. [9, 21, 22] Hence, prediction and control over precipitate size and spatial distribution of precipitates is crucial for maintaining the cast-slab quality. The effect of segregation on the stability of microalloy precipitates and on the precipitate size distributions at different regions (solute-rich and solute-depleted) of as-cast slab is not well understood. Hence, a model has been proposed here, based on the detailed characterization of cast microalloy precipitates, for predicting the spatial distribution in size and volume fraction of precipitates. The present model considers different models, which have been proposed earlier.
Microsegregation during solidification has been predicted from the model proposed by Clyne and Kurz. [23] Homogenization of alloying elements during cooling of the cast slab has been predicted following the approach suggested by Kurz and Fisher. [24] Thermo-Calc software predicted the thermodynamic stability and volume fraction of microalloy precipitates at interdendritic and dendritic regions. Finally, classical nucleation and growth theory of precipitation have been used to predict the size distribution of microalloy precipitates at the aforementioned regions. The predictions were verified by the measurement of the local composition and characterization of precipitates from interdendritic and dendritic regions of the as-cast slabs.
II. EXPERIMENTAL DETAILS
Two as-continuously cast (200 -mm thick and 1200 -mm wide) low-carbon microalloyed steel slabs have been investigated. The chemical compositions of the two slabs are given in Table I . Slab 1 contained microalloying elements Nb, Ti, and V, whereas Slab 2 did not contain any Nb and V, but the concentration of Ti was twice that of Slab 1. As the investigated slabs were continuously cast commercial grades, the detailed time-temperature data during solidification was not available.
Through thickness slices (200 mm 9 100 mm 9 25 mm) were cut from the midwidth location of the continuously cast slabs. All microstructural specimens were collected from the top half of the slabs, at subsurface (SS, 0 to 20 mm from top surface), quarter-thickness (QT 40 to 60 mm from the top surface), and midthickness (MT, 90 to 110 mm from top surface) locations.
Standard techniques have been followed for metallographic sample preparations. The microstructural characterization in terms of secondary dendritic arm spacing (SDAS); second-phase fraction; and shape, size, and distribution of coarse-and fine-microalloy precipitates 
III. MICROSTRUCTURE AND PRECIPITATES IN AS-CAST SLABS
A. Microstructure of As-Cast Slabs
The microstructures from SS, QT, and MT locations of as-continuously cast slabs consisted of ferrite and pearlite (~15 to 20 pct), Figure 1 . Ferrite grain sizes and SDAS increased from SS (Figures 1(a) and (c)) to QT (Figures 1(b) and (d) and to MT locations, possibly because of the decrease in slab cooling rate. The number-averaged SDAS values measured until the narrow, equiaxed zone (~25-mm thick) at the slab centerline in both slabs are given in Figure 2 . The mean ferrite grain sizes (measured in equivalent circle diameter) were 20 to 25 lm at SS, 35 to 40 lm at QT, and 55 to 60 lm at MT.
B. Precipitates in the As-Cast Slab 1
QT location (~50 -mm below the top surface) was selected for detail precipitate quantification and detection of local compositions, as previous studies [4, 20] reported a consistent segregation profile at that location. An inhomogeneous distribution of precipitates was found on the polished surface of both investigated slabs, with precipitate-rich regions (circled in Figure 3 (a)) surrounded by regions of low precipitate density (Figure 3(a) ). The bright precipitates in Figure 3 (a) are magnified in Figure 3(b) , and the corresponding EDS analysis (Figure 3(c) ) revealed them to be Nb-rich carbonitrides (either Nb(C,N) or (Nb,Ti)(C,N)). Darker constituents in Figure 3 (a) were either MnS inclusions or cuboidal TiN particles (Figure 3(d) ). The brighter and darker appearances of the precipitates (or inclusions) in compositional contract of back-scattered electron images (Figures 3(a) and (b) are caused by their higher or lower (average) atomic numbers, respectively, compared with the Fe matrix. A fraction of Nb-rich precipitates, MnS and TiN, were much higher in interdendritic regions (on or around the pearlite and bainite) compared with the dendrite center (ferrite) regions. The separation between subsequent precipitaterich regions (center-to-center distance of 140 to 160 lm) at the QT location was consistent with the SDAS values measured at that location (~150 lm). This observation indicates that interdendritic segregation was responsible for the inhomogeneous distribution of the precipitates and inclusions, with precipitate-rich regions being the interdendritic regions and precipitate-lean regions being the dendrite center regions
The shape and size of various microalloy precipitates observed in Slab 1 were as follows: (1) cuboidal TiN particles (700 to 1800 nm), (2) star-or cruciform-shaped (winged) precipitates (Nb,Ti)(C,N) (40 to 1300 nm), (3) cuboidal-shaped (Nb,Ti)(C,N) (30 to 700 nm), and (4) spherical NbC and VC (3 to 50 nm). The frequency of spherical precipitates (~75 pct) was much higher compared with cuboidal (~10 pct) and star/cruciform precipitates (~15 pct). Star/cruciform-shaped particles were predominantly observed in interdendritic regions, which can be attributed to the microseregation-induced precipitation. [4, 7, [16] [17] [18] [19] [20] Grouping/clustering of Nb-rich precipitates is evident in Figures 4(a) and (b). Nb precipitates were also observed in rows, Figures 3(a) and 4(c)), which can be attributed to the rejection of solute atoms from the interdendritic melts, as the liquid melt front advanced during solidification. [16] An EDS line scan confirmed that the distances between such ''interdendritic precipitate bands'' were consistent with the SDAS. Selected area diffraction (SAD) analysis was also carried out in TEM to identify the nature of the microalloy precipitates. For example, Figure 4(d) shows the SAD pattern for VC precipitates. Spherical VC and (Nb,V)C precipitates (<30 nm), however, were uniformly distributed throughout the ferrite matrix (Figure 4(d) ).
C. Precipitates in As-Cast Slab 2
Similar to Slab 1, TiN particles in Slab 2 were present at a higher density in interdendritic regions ( Figure 5 (a)) compared with dendrite center regions ( Figure 5(b) ). The wide variation in cuboidal TiN particle sizes (30 nm to 7 lm) can be reflected by the presence of large and small particles (Figures 5(a) through (d) ). A Ti peak is visible in the EDS analysis collected from the large TiN particle in Figure 5(a) . A dark-field (TEM) image showing a TiN particle and the corresponding SAD analysis is shown in Figure 5 (d). The inhomogeneous distribution of TiN can be attributed to the microsegregation of Ti and N. [7, 8, 17] AlN particles have not been found in either slab possibly because of the presence of sufficient Ti for combining with all the N present in steels.
D. Complex Precipitates and Microalloy Segregation at MT
The heterogeneous precipitation of (Nb,Ti)(C,N) in Slab 1 on the MnS inclusion ( Figure 6(a) ) and TiN in Slab 2 on the Al 2 O 3 inclusion (Figure 6(b) ) can be outcomes of microsegregation. [17] Such complex particles may hamper the mechanical properties (such as ductility and low-temperature impact toughness) of the slabs. [17, 21, 22] Microalloy segregates as large as 10 to 15 lm of Nb-rich (Nb,Ti)(C,N) (Figures 7(a) and (b) ) and Ti-rich (Nb,Ti)(C,N) (Figures 7(c) and (d)) were found at the MT location of Slab 1. The segregation of Nb-rich (Nb,Ti)(C,N) was associated with MnS inclusions ( Figure 7 (a)). The formation of large, eutectic (Nb,Ti)(C,N) has been reported earlier in HSLA steel, [11] which can also be attributed to the macrosegregation of Nb and Ti. However, the presence of Ti-rich (Nb,Ti)(C,N) besides Nb-rich segregates has not been reported earlier. Such constituents may also hamper the mechanical properties at the centerline of the as-cast slab.
E. Fraction of Microalloy Precipitates in the As-Cast Slabs
The number-density of microalloy precipitates was~2 to 3 times higher at interdendritic (i.e., precipitate-rich) regions compared with the dendrite center (i.e., precipitate-poor) regions in each slab (Figure 8 ), indicating the microsegregation-induced inhomogeneous precipitate distribution. A greater Ti content in Slab 2 possibly resulted in larger TiN particles in Slab 2 (up to~7 lm), than that in Slab 1 (up to~1.8 lm). The number densities (number/mm 2 ) and average sizes (nm) of microalloy precipitates measured at SS, QT, and MT locations of each slab (Table II) indicate that precipitate densities and sizes increased from the SS toward the MT possibly because of the following reasons: (1) the increase in solute level caused by macrosegregation and (2) the slower cooling rate toward the slab center, allowing for more time for precipitate growth.
The higher precipitate density in Slab 1 compared with Slab 2 ( Figure 8 , Table II) can be attributed to the presence of Nb and V, which formed numerous, fine NbC, VC, and (Nb,V)C precipitates in Slab 1.
F. Measurement of Local Compositions in Interdendritic and Dendrite Center Regions
The concentration of alloying elements (in wt pct) was measured by microanalysis of the interdendritic and dendrite center regions at the QT location of Slabs 1 and 2 using EPMA (Table III) .
Wave-length dispersive X-ray spectroscope (WDS) was preferred in this case because of its high accuracy, especially for low atomic number elements. Table III clearly suggests that interdendritic regions were soluterich and dendrite-center regions were solute-depleted. Elements such as Nb, Ti, P, S, and Mn were clearly partitioned between the aforementioned regions. C and N levels were also higher in interdendritic regions than those in the dendrite center regions (Table III) . Elements such as Si, V, and Al were distributed homogeneously throughout the matrix.
IV. THEORETICAL ANALYSIS
A. Dependence of Microsegregation on the Solidification Sequence
According to the Thermo-Calc software, solidification in Slabs 1 and 2 is expected to start at around the same temperature (~1798 K [1425°C] to 1793 K [1520°C]) with the formation of d ferrite ( Figure 9 (a)). Austenite starts to form at around 1758 K (1485°C) (Figure 9 (a)). Complete solidification is predicted at 1730 K (1457°C) in Slab 1 and at 1718 K (1445°C) in Slab 2. Therefore, the freezing range of both slabs was similar; however, a slightly greater freezing range in Slab 2 (possibly because of its lower C level) might have promoted dendrite coarsening, which resulted in a slightly higher SDAS in Slab 2 than in Slab 1 ( Figure 2 ). [25] During thick-slab continuous casting, the metal in contact with the water-cooled copper mold (i.e., at the SS region) solidifies as the solute depleted d ferrite (i.e., at the SS region). Solidification at the SS region will generally be completed as d ferrite because of the increased cooling rate resulting in nonequilibrium solidification. [18] Considering the subsequent d fi c transformation and decomposition of c into ferrite and pearlite, a greater microalloy precipitate size and number density of precipitates is expected in and around pearlite (or bainite) compared with the ferrite grain center regions, [18] as found experimentally. At a greater depth (determined by slab composition and cooling rate) below the slab surface, the solidification sequence may change to mixed d/c, which will result in different segregation behavior. The change in solidification sequence and associated spatial distribution of the microalloy precipitates have been discussed earlier in detail. [18] B. Microsegregation Models
Partitioning of various alloying elements between liquid and solid phases during equilibrium solidification can also be calculated from Thermo-Calc software (Thermo-Calc Software, Stockholm, Sweden). Thermo-Calc uses the following Scheil-Gulliver model, [26] which is the simplest expression for calculating the solute redistribution in liquid C L and in solid C S , considering the nominal composition of the steel C 0 , and the weight fraction of solid f S in the solidifying volume:
The equilibrium partition ratio (k p ) of various alloying elements in steel are listed in Table IV , [11, 27, 28] 
The prediction of solute partitioning indicates that the Nb level in the last solidifying liquid (C L ) can reach 6.0 times of the average Nb level (C 0 ) in steel ( Figure 9(b) ). Ti, C, and N showed C L /C 0 of~3.3, 5.0, and~2.6, respectively. S showed the strongest partitioning with C L /C 0 of~20, whereas elements such as V and Al showed negligible partitioning during solidification (C L /C 0 of~1 to 1.5). This finding can explain the inhomogeneous distribution of MnS inclusions as well as Nb and Ti precipitates in the investigated slabs and the nearly homogeneous distribution of the V precipitates. However, the partitioning of alloying elements in the measured concentrations in Table III (Nb level in interdendritic region: average Nb level~1.6) is smaller than that predicted by Thermo-Calc.
To better predict solute partitioning during solidification, compared with the lever rule and Scheil equation, Brody and Flemings [30] proposed the following equation:
where C L,i is the liquid concentration of a given solute (e.g., i) at the solid-liquid interface, C 0,i is the initial liquid concentration, k p is the equilibrium partition coefficient of solute i, and f s is the solid fraction. The equilibrium partition ratio (k p ) of various alloying elements in steel are listed in Table IV , [11, 27, 28] 
The back-diffusion coefficient a is defined as follows:
where D S is the diffusion coefficient of solute in the solid phase (either d ferrite or c) in cm 2 s À1 (Table IV) , k S is the SDAS in cm, and t f is the local solidification time (seconds), which is expressed as follows:
where T L and T S are the liquidus and solidus temperatures of the steel (predicted using Thermo-Calc software) and C R is the average cooling rate during solidification, which can be obtained from the measured SDAS (k S ) at any location of the slab using the following expression [31] :
where C 0,C is the nominal C content of the steel (for C < 0.15 wt pct). Clyne and Kurz [23] replaced the backdiffusion coefficient (a) in Eq. [2] with the term X, which is defined as follows:
The Clyne and Kurz [23] model is suitable for predicting the microsegregation in low-C steels. [29, 30] Using the measured SDAS values (Figure 2 ), the C R and t f values can be calculated from Eqs. [4] and [5] for the following locations of the slabs: SS (i.e., 10 mm from the top surface): C R~4 K/s and t f~1 2 seconds; QT: C R~1 K/s and t f~5 0 seconds; and MT: C R~0 .2 K/s and t f 250 seconds. The partitioning of microalloying elements (Nb, Ti, and V) predicted from the Clyne and Kurz model [23] at SS and MT locations ( Figure 10 ) show that microsegregation becomes severe with an increase in depth below the SS. Following the previous studies, [21, 32] the composition in solid corresponding to solid fraction, f s~0 .05, and the composition in the liquid corresponding to f s~0 .95, are assumed to be the compositions at the middle of solute-depleted (dendrite center) regions and solute-rich (interdendritic) regions, respectively. The concentration of alloying elements predicted from the Clyne and Kurz model [23] at interdendritic and dendrite center regions at the QT location in the slabs is listed in Table V. The difference between predicted and measured concentrations (Tables III and V) can be caused by the fact that the Clyne and Kurz model [23] predicts the solute partitioning during solidification without considering the homogenization taking place during the subsequent cooling of the slabs from solidus temperature to ambient temperature.
C. Homogenization During Cooling of As-Cast Slab
The change in the concentration profile resulting from microsegregation, during any homogenization treatment can be represented by the one-dimensional, time-dependent diffusion equation, and its likely solution can be expressed as follows [24] :
where C(x,t) is the solute concentration at any point corresponding to the interdendritic or dendrite center regions after homogenization for time t at temperature T. C 0 is the nominal composition of the steel, DC is the amplitude of the initial concentration profile, which is approximated as a cosine function, [24] k s is the secondary dendritic arm spacing, x is the distance along the direction perpendicular to the secondary dendritic arms, and s is the relaxation time, which can be expressed as follows: Starting with the predicted compositions at the end of solidification obtained from the Clyne and Kurz model, [23] in the middle of solute-rich (interdendritic) and solute-depleted (dendrite center) regions and assuming that the concentration profile follows a cosine function, the change in concentration at those regions during cooling has been calculated using Eq. [7] . Equations [7] and [8] are applicable to the isothermal holding condition, and the Additivity rule [33] has been used for continuous cooling. Following the predicted solidification sequence (Figure 9(a) ) as the solidification reaches the completion (i.e., f s > 0.95), d ferrite dominates the microstructure over a 5 to 10 K temperature range before d transforms to c. Because of the higher diffusivity of solutes in d ferrite compared with c (Table IV) , substitutional solutes (such as Nb and Ti) are predicted to homogenize partly in d ferrite, whereas negligible homogenization takes place within c (Figure 11(a) ). Because of the high diffusivity, interstitial elements, such as C and N, are expected to homogenize almost completely within the d phase field (Figure 11(b) ). The predicted concentration of alloying elements at the interdendritic and dendrite center regions at QT of both slabs, after the slabs cool to the ambient temperature (Table V) , is close to the experimentally measured values listed in Table III . Solid-state homogenization was negligible during the solidification in austenitic route (L fi L + c), which might have occurred at the slab-center location, [18] resulting is strong segregation that formed large microalloy deposits (Figure 7 ).
D. Thermo-Calc Prediction of Precipitate Volume Fraction
To predict the precipitate volume fraction separately in the interdendritic and dendrite center regions of the microsegregated slabs, the concentration of alloying elements at those regions, calculated from the Clyne and Kurz model [23] (Table V) were fed into the Thermo-Calc software. Precipitates are expected to form at higher temperatures and at larger mole fractions in the soluterich (interdendritic) regions compared with those in the solute-depleted (dendrite center) regions (Figure 12 ). TiN particles are predicted to form initially in the interdendritic liquid during solidification followed by their precipitation in the solid state (Figures 12(a) and  (b) ). The Thermo-Calc prediction of the internal composition of precipitates suggests that TiN formed predominantly at a higher temperature and converted to Ti(C,N) and then to TiC with the decrease in temperature. Nb precipitates were mainly carbides, which contained some Ti at higher temperatures. V precipitates formed at lower temperatures in c, as well as in a, were mainly VC. Ti combined with almost all of the N present in Slab 1 formed TiN, which resulted in the subsequent precipitation of fine microalloy carbides (NbC and VC). VC precipitation is expected to be least affected by the microsegregation (Figure 12(a) ), which agrees with the experimental observation. Similarly, in Thermo-Calc, the predicted compositions of interdendritic liquid near the MT location indicated that large amount of Ti-and Nb-rich particles are anticipated to form, which may explain the formation of large microalloy segregates (several micrometers in size, Figure 7 ). MnS inclusions were also predicted to form in the interdendritic melt, toward the end of solidification, and were expected to show inhomogeneous distribution. Using the density and molar volume of the precipitates (and Fe matrix) as listed in Table VI , [16] the mole fractions of the precipitates predicted in Figure 12 have been converted to the corresponding volume fractions, which were close to those measured by image analysis (Figure 13 ).
E. Prediction of Precipitate Size Distribution
The sizes of oxide and sulfide inclusions and TiN particles have been predicted in earlier studies considering the microsegregation of alloying elements during solidification. [37] [38] [39] The nucleation rate and growth-rate should remain constant in a homogeneously supersaturated metal, which is not the case for microsegregation. Hence, the nucleation and growth model have to be coupled with the microsegregation model to predict the size distribution of different precipitates in the interdendritic and dendrite center regions.
Supersaturation and nucleation of microalloy precipitates
The time-dependent homogeneous nucleation of spherical particles can be expressed as follows [40] [41] [42] [43] :
where N V is the number of nucleation sites per unit volume and DG* is the energy required to form a nucleus of critical size (r*) and kT (k is the Boltzmann constant and T is the absolute temperature in K) and t represents time. Expressions for calculating the Zeldovich factor Z, frequency factor b*, and incubation time s, are given in References 40-43. Ignoring the strain energy, the critical nucleus size radius r* can be expressed as follows:
where r is the interfacial energy of the nucleus and DG v is the volume free energy change during nucleation. Previous studies [32, 38, 39] discussed in detail the modification of Eq. [9] for predicting the TiN precipitation in liquid steel. DG v can be obtained from the supersaturation ratio g using the following equation:
where L TiN is the solubility product of TiN in liquid iron as given in Table VI . Interfacial energy r~0.8 J/m 2 can be used for TiN precipitation in the liquid. [32, 39, 40] From the previous equations, it is evident that a different level of supersaturation-resulting from microsegregation-in different regions of solidifying and solidified steel can result in different chemical driving forces (DG v ) for precipitation between those regions. In the interdendritic region, higher DG v will increase the nucleation rate I and reduce the critical nucleus size (r*). According to the present study, TiN precipitation in the interdendritic liquid starts at g =~5 to 6, which agrees with previous reports. [32, 39, 40] A continuous increase in g for TiN in the solute-rich and solute-depleted regions in the QT location of Slab 2, with the decrease in temperature, is shown in Figure 14 . The g values have been calculated using the compositions determined by the Clyne and Kurz model [23] for interdendritic (TiN-interdendritic) and dendrite-center (TiN-Dendrite-Center) regions. The influence of [O] and [S] on the interfacial energy r and, hence, on the nucleation rate I [42] has not been considered here. Nearly complete homogenization of C and N and incomplete homogenization of Ti and Nb during slab cooling ( Figure 11 ) may reduce the local difference in g values between the interdendritic (TiN-Int. Den.-Homogesd.) and the dendrite center (TiN-Den. Cen.-Homogesd.) regions, as shown by the red line in Figure 14(a) . The effect of solid-state homogenization on the precipitation has not been considered in the existing precipitation models. [32] [33] [34] [37] [38] [39] [40] [41] [42] [43] Using the predicted g values, the critical nucleus size (r*) for TiN precipitation has been calculated (Figure 14(b) ). According to the literature, [2, 34] the homogeneous nucleation of microalloy precipitates requires r* £ 1 nm. The TiN precipitation start temperatures obtained from r* measurement (~1770 K (Figure 12(a) ). A minimum separation of~2 to 4 lm between the consecutive precipitates in precipitate ''rows'' (Figure 3(a) , (Nb,Ti)(C,N) precipitates and Figure 6 (a), TiN particles) can be explained by the diffusion field surrounding a particular nucleus, [32, 39] which reduces the supersaturation and does not allow another nucleation within that field. As the temperature dropped in the c-phase field, g reached a high value (>100), resulting in nearly homogeneous distribution of the fine TiN particles throughout the microstructure.
Similar calculations have been carried out for the solid-state precipitation (in c) of NbC and VC in Slab 1. The solubility products of microalloy precipitates (Table VI) and their precipitation kinetics during continuous cooling (without deformation) have been collected from published work. [34] [35] [36] Heterogeneous precipitation on dislocations, [39] which may generate during the bending and straightening operation, however, not been considered here.
Growth of microalloy precipitates
Diffusion-controlled growth of a single (spherical) particle of radius r, over isothermal holding time t can be obtained from the following equation [43] :
where D s is the diffusion coefficient of the slowest diffusing solute (such as Nb and Ti), a is the ratio of matrix to precipitate atomic volumes, X 0 is the initial concentration (mole fraction) of the solute (i.e., microalloying elements), and X p is the concentration of solute in the precipitate. X I is the concentration of solute in the matrix at the particle-matrix interface, which can be obtained from the equilibrium concentration of solute (X e ) in the matrix following the Gibbs-Thomson equation. [44] The concentration of microalloying elements at interdendritic and dendrite center regions predicted by Thermo-Calc R have been considered as the initial concentration X 0 at those regions (Table V) . X p and X e at any temperature below the precipitate dissolution temperature can be obtained from Thermo-Calc. Following the Additivity rule, [33] Eq. [12] can be used in a continuous-cooling condition, considering the average cooling rate of the slab (at any location). Hence, it is possible to predict the precipitate growth rate and the final precipitate size at different regions of the investigated slabs. The evolution of precipitate size predicted from the proposed model with respect to the precipitation temperature in the interdendritic and in dendrite center regions of the investigated slabs is shown in Figure 15 . The precipitates that nucleate at higher temperatures are expected to grow larger in size (Figure 15 ), as more time is available for diffusional growth and the diffusion is faster at a higher temperature. The temperature scale along the abscissa in Figure 15 can also be represented as the time from the onset of precipitation, considering the average cooling Fig. 10 -Change in concentration of (a) Nb, (b) Ti, and (c) V, predicted by the Clyne and Kurz model [23] in liquid steel and in solid dendrite at the SS (20-mm below top surface) and near the MT (900mm below top surface) locations of Slab 1. Predicted by Clyne and Kurz Model [23] at the End of Solidification* Predicted from Clyne-Kurz model [31] for QT location of [24] of as-cast slabs during cooling down to the ambient temperature. rate of the slabs. Compared with the dendrite center, larger precipitates should always form in interdendritc regions, where the precipitation starts at a higher temperature. Among the microalloy precipitates, TiN is expected to be largest in size, and the maximum TiN particle size predicted to form in interdendritic regions of Slab 1 (~1.2 lm) and Slab 2 (~8.0 lm, Figure 15 ) are close to the experimentally measured values (Figure 8 ). Rapid growth of TiN particles above 1753 K (1480°C) (i.e. before the formation of c, Figure 15 ) can be attributed to the higher diffusivity of Ti and N in liquid steel and in d ferrite. As the diffusivity drops with the decrease in temperature, the precipitates formed at lower temperatures, such as VC in Slab 1 and TiC in Slab 2, could only reach a maximum size of 10 to 20 nm (Figure 15 ). At precipitation temperatures above *M = microalloying elements (Nb/Ti/V); X = interstitial solutes (C/N). [1, 6, [34] [35] [36] fcc = face-centered cubic.
à bcc = base-centered cubic. Fig. 13 -A comparison between the experimentally measured (by image analysis) and the Thermo-Calc-predicted volume fractions of microalloy precipitates at precipitate-rich (ppt. rich) and precipitatepoor (ppt. poor) regions in QR location of Slab 1 (S1-qtr.) and Slab 2 (S2-qtr.). 1700 K (1427°C), the difference in TiN particle sizes formed in interdendritic and dendrite center regions is more than 500 nm, which drops below 20 nm at 1400 K (1127°C) (Figure 15(a) ). This behavior demonstrates the effect of solid-state homogenization on the evolution of precipitate size in a dendritic structure. Nb(C, N) precipitates in Slab 1 are predicted to reach a size of 350 nm, which is slightly lower than the measured value (600 nm). This finding could be a result of the complex (Nb,Ti)(C,N) precipitation or heterogeneous nucleation of Nb(C, N) on top of preexisting TiN, which have not been considered in this model.
Prediction on the effect of microsegregation on precipitate size distribution
Combining the nucleation rate and growth rate of the precipitates, the size distribution of the precipitates have been determined for solute-rich (i.e., interdendritic) regions and solute-depleted (i.e., dendrite center) regions at the QT location of as-cast slabs (Figure 16 ). Higher density and larger sizes of TiN and Nb(C, N) precipitates in the solute-rich regions of the slabs are evident from Figure 16 . The predicted distributions closely followed the experimentally measured values.
The TiN particles are expected to be the largest of all the microalloy precipitates. A maximum predicted TiN particle size of~1.6 lm in Slab 1 (Figure 16(a) ) and of 8 lm in Slab 2 are close to the experimentally measured values. The maximum size of Nb(C, N) is predicted to be~600 nm in Slab 1 (Figure 16(b) ), which is smaller than the measured value (~1.5 lm). Heterogeneous precipitation of NbC on top of preexisting TiN may be the cause of the deviation. Precipitates that formed at lower temperatures, such as VC in Slab 1 and Ti(C, N) in Slab 2, could only reach a maximum size of 10 to 20 nm (Figure 16(c) ) as verified by the TEM study.
Continued improvement of the prediction requires the consideration of factors such as stereological correction factors in precipitate quantification, precipitation kinetics of complex precipitates, the effect of segregation of [S] and [O] on microalloy precipitation, actual cooling curves of the slabs, and the solidification mode at different locations of the slab. In this context, it is necessary to mention that the partition coefficients (k p ) and diffusivity (D s ) of any individual alloying element (e.g., i) as used in the present calculations (Table IV) are valid for a binary solution of element (i) and Fe. Similarly, a binary microsegregation model proposed by Clyne and Kurz [23] has been used here for the backdiffusion calculation to predict the segregation level of individual alloying elements. However, in multicomponent systems, as the investigated steels, the presence of other solute elements (e.g., j, k, and l) can influence the partitioning and diffusion of element (i). To avoid complex mathematical calculations, these interaction effects have not been considered here, although it may introduce a certain error in the final prediction. Future studies need to consider this aspect for more accurate prediction.
To understand the sensitivity of the prediction on the choice of microsegregation models, the maximum precipitate sizes in Slab 1 have been predicted separately, considering the Scheil equation, Clyne and Kurz [23] back-diffusion model, and Lever rule. Figure 17 shows the different Nb levels predicted by these models in the interdendritic liquid of Slab 1, with the increase in solid fraction. Compared with the other models, the Scheil model predicts a significantly higher Nb level in the last solidifying liquid (0.79 wt pct), which is predicted to form Nb(C,N) precipitates as large as 5 lm in liquid steel. The largest Nb(C,N) precipitate size measured from the experimental study (600 nm) is far less than the predicted value. Similarly, the maximum TiN particle size predicted in interdendritic liquid (25 lm) considering the Scheil model is much higher than the measured size (1.8 lm). The Scheil model, therefore, seriously overpredicts the extent of microsegregation (Table III) and the corresponding precipitate size in the interdendritic regions. The microsegregation levels predicted by the Clyne and Kurz model is between the Scheil model and the Lever rule, and the satisfactory prediction of precipitate sizes from the Clyne and Kurz model is evident in Figure 16 . The maximum precipitate sizes predicted in Slab 1 from the Level rule (260 lm for Nb(C,N) and 960 lm for TiN) were not as good as the Clyne and Kurz model, but were certainly better than that of the Scheil model. The prediction of precipitate size, therefore, was dependent on the microsegregation model. The present findings are in line with the observations of Won and Thomas [31] and Choudhary and Ghosh [29] regarding the prediction of microsegregation in low-carbon steels, although, future study will compare different models is greater detail.
V. SUMMARY AND CONCLUDING REMARKS
Spatial distribution in size and frequency of microalloy precipitates have been characterized using high-resolution SEM and TEM in two continuous-cast HSLA steel slabs, one containing Nb, Ti, and V and the other containing only Ti. Microsegregation during casting resulted in an inhomogeneous distribution of Nb and Ti precipitates in as-cast slabs, and precipitate-rich regions were separated by a distance similar to the SDAS. Large networks (several microns in size) of Nb-and Ti-rich phases were found at the segregated regions in the MT location, indicating the strong microalloy segregation during solidification. Such segregation can reduce the effective microalloy level of the steel required for finescale precipitation during and after rolling for grain refinement and precipitation strengthening.
Considering the microsegregation during solidification, the homogenization of the alloying elements during slab cooling, the thermodynamics of precipitation (using Thermo-Calc software), and the kinetics of precipitation (calculating the nucleation and growth-rate of precipitates), a model has been proposed here for predicting the precipitate size distribution and the amount of precipitates in the interdendritic and dendrite center regions in the segregated slabs. A comparison of the predicted results and the experimental data for precipitate characterization showed satisfactory prediction.
The accurate prediction and control over the precipitate size and fractions may help (1) in avoiding the hotcracking problem and, hence, improve the slab quality, (2) in selecting the soaking time and temperature and predicting the c grain size during soaking, and (3) in designing the rolling schedule for achieving the maximum benefit from the microalloy precipitates. 
